Anaplasmosis in cattle is caused by Anaplasma marginale, a member of the ehrlichial genogroup II within the order Rickettsiales, which is transmitted biologically by ixodid ticks and mechanically by biting flies. A. marginale is genetically very closely related to other tick-borne ehrlichiae, including the human pathogens Ehrlichia chaffeensis and the agent of human granulocytic ehrlichiosis (16, 40) . These ehrlichiae induce disease typified by an acute onset which can rapidly progress to death. A. marginale replicates exclusively within bovine erythrocytes (RBC), which results in severe anemia during acute infection.
Anaplasmosis in cattle is caused by Anaplasma marginale, a member of the ehrlichial genogroup II within the order Rickettsiales, which is transmitted biologically by ixodid ticks and mechanically by biting flies. A. marginale is genetically very closely related to other tick-borne ehrlichiae, including the human pathogens Ehrlichia chaffeensis and the agent of human granulocytic ehrlichiosis (16, 40) . These ehrlichiae induce disease typified by an acute onset which can rapidly progress to death. A. marginale replicates exclusively within bovine erythrocytes (RBC), which results in severe anemia during acute infection.
Immunization of calves with A. marginale outer membranes can induce complete protection from detectable rickettsemia against a virulent homologous challenge (39) . Furthermore, several defined surface exposed outer membrane proteins have been evaluated as vaccine antigens. Immunoaffinity-purified native major surface protein 1 (MSP-1), which in the Florida (FL) strain consists as a complex of 100-and 105-kDa peptides, induced protection against homologous and heterologous strain challenge (30, 31) . Immunization with native MSP-2, which in the FL strain is a 36-to 40-kDa protein, resulted in protection ranging from partial to complete in cattle challenged with the immunizing (FL) or heterologous strains (36) . Cattle immunized with native MSP-3, an 86-kDa outer membrane protein that shares approximately 55% amino acid sequence identity with the amino-terminal half of MSP-2 (2), had a delayed onset of rickettsemia (34) . Native 31-kDa MSP-4 protein also induced protection against homologous challenge, whereas native MSP-5, which is a highly conserved 19-kDa protein, did not (34) .
We have recently demonstrated that two of three calves immunized with outer membranes of the FL strain of A. marginale were completely protected against developing persistent infection following challenge (13) . The antibody response in the completely protected calves was an immunoglobulin G2 (IgG2) response directed against MSP-2, whereas the one calf that developed a mild but persistent infection produced predominantly IgG1 antibody in response to immunization (13) . When immune peripheral blood mononuclear cells (PBMC) were evaluated for antigen specificity, MSP-1, MSP-2, and MSP-3 induced recall proliferative responses. T-cell lines stimulated with A. marginale produced high levels of gamma interferon (IFN-␥). Although the mechanisms of protective immunity against Anaplasma and related human pathogens have not been defined, our results are consistent with the hypothesis that protective immunity correlates with the induction of IFN-␥, which can enhance production of the opsonizing IgG2 iso-type in cattle (18, 24) and activate macrophages to express potentially toxic molecules, such as NO (1, 38) .
Because T helper (Th) cells are believed to be a vital component of protective immunity against intraerythrocytic pathogens and intracellular rickettsia (12, 19, 22, 34) , additional experiments were designed to characterize T-cell epitopes on the MSPs of A. marginale that are targets of vaccine development. Identification of conserved T-cell epitopes is especially important, since MSP-1b, MSP-2, and MSP-3 are members of polymorphic, multigene families (1, 4, 33) , and polymorphic MSP-2 variants emerge during cyclic rickettsemia in persistent A. marginale infection (20) . Furthermore, strain-specific B-cell epitopes have been identified (25) . We report that a panel of T-cell clones obtained from outer membrane protein-immunized calves prior to challenge, which were subsequently protected against infection (as described previously [13] ), recognize multiple antigens, including MSP-2, MSP-3, and epitopes apparently shared by these two proteins. The T-cell epitopes on MSP-2, MSP-3, and other, unidentified antigens are conserved at the population level within genetically distinct strains of A. marginale. These results provide a basis for identifying the Th cell epitopes on these proteins and determining their conservation and role in induction of protective immunity.
MATERIALS AND METHODS
Anaplasma strains and preparation of homogenate and membrane antigens. The A. marginale strains used in this study are designated by their original location of isolation and include the FL, South Idaho (ID), Washington C (WAC), Washington O (WAO), and Virginia (VA) strains. These have been described or referenced previously (24) . A strain of A. ovis originating from Idaho was also used (28) . All Anaplasma strains were maintained as liquid nitrogen-cryopreserved stabilates of infected bovine RBC in dimethyl sulfoxidephosphate-buffered saline (PBS). Anaplasma organisms were isolated from thawed, infected bovine RBC by sonication and differential ultracentrifugation as previously described (35) .
To prepare homogenate antigen for in vitro assays, the organisms were resuspended in PBS containing the protease inhibitors antipain and E-64 (Boehringer Mannheim, Indianapolis, Ind.) at 25 g/ml and phenylmethylsulfonyl fluoride (Sigma Chemical Co., St. Louis, Mo.) at 300 g/ml and were homogenized by two passages through a French pressure cell (SLM Instruments, Inc., Urbana, Ill.) at 1,500 lb/in 2 . Membranes were prepared from A. marginale FL by sucrose density gradient centrifugation and separated into two fractions (at 1.15 and 1.22 g of sucrose/cm 3 ) as described previously (39) . Protein concentrations were determined by the Bradford assay (Bio-Rad, Hercules, Calif.).
The VA isolate of A. marginale, passaged 10 times in tick cell culture, was also used as antigen for T-cell stimulation studies (7, 26) . The five MSPs found on A. marginale from bovine RBC were found to be present on A. marginale harvested from cell culture, as determined by immunoblotting with specific immune sera and monoclonal antibodies (MAbs) (5, 6) . The cell culture-derived A. marginale maintained the same size MSP-1a as found on the VA isolate in bovine RBC. Furthermore, the antigenic composition of the five MSPs, determined by two-dimensional gel electrophoretic patterns, did not appear to vary after continuous passage in culture (5) .
Animal immunization and challenge. Three male, neutered Holstein calves aged 3 months and designated 96BO5, 96BO6, and 96BO9, were immunized four times with outer membranes (consisting of the higher-density sucrose gradient fraction) prepared from the FL strain of A. marginale as described previously (13, 39) . Briefly, each calf received four subcutaneous inoculations, at 2-, 4-, and 4-week intervals, of 67 g of total protein resuspended in PBS containing 6 mg of saponin per inoculation. Three age-matched control calves received saponin alone. Six months following the last antigen inoculation, the calves were challenged by intravenous inoculation of RBC infected with the FL strain of A. marginale. All immunized calves were protected and experienced lower reductions in packed RBC volumes. All control calves and one of the three immunized calves (96BO5) became infected, as evidenced by peripheral blood rickettsemias. However, the level of rickettsemia in the immunized, infected calf (0.15% infected RBC) was significantly less than that in the control calves (3.5 to 7.4%). These four animals, but not immunized calves 96BO6 and 96BO9, were persistently infected at 60 to 128 days following challenge, as evidenced by nested PCR using primers specific for the conserved msp-5 gene of A. marginale (13) .
A. marginale-specific T-cell clones. T-cell clones were established prior to challenge from antigen-stimulated T-cell cultures from all three immune cattle. In the first cloning experiment, T cells cultured from PBMC of calves 96BO5, 96BO6, and 96BO9 and stimulated for 7 days with 5 g of A. marginale homogenate per ml were cloned. In the second cloning experiment, a T-cell line from calf 96BO9 cultured for 4 weeks with 5 g of antigen per ml was cloned. This cell line proliferated specifically to A. marginale antigen in a dose-dependent manner (13) . Cells were cloned by limiting dilution in 96-well round-bottomed plates (Costar, Cambridge, Mass.) as described (14) . Briefly, T cells were diluted to a statistical average of 1 or 0.3 cells per well and stimulated with 1 g of A. marginale FL homogenate per ml of medium containing 10% bovine T-cell growth factor and 5 ϫ 10 4 autologous, irradiated (3,000 rads) PBMC as a source of antigen-presenting cells (APC). Proliferating cells were transferred successively to 48-and 24-well plates and tested for A. marginale-specific proliferation. Clones were selected on the basis of good growth and specific proliferation against A. marginale, with no response to uninfected bovine RBC membranes. In the first cloning experiment, the cloning frequencies (percentage of growth-positive wells) of T-cell cultures from all three calves, when plated at 0.3 or 1 cell per well, were less than 10%, and six cloned cell lines were obtained. In the second experiment, with the 96BO9 cell line, the cloning frequency of T cells plated at 0.3 cells per well was 16.6%, and an additional six clones were obtained from these cultures. The designation of the clones indicates the animal origin; thus, clones designated 5.1D3 and 5.1D11 originated from calf 96BO5; clones designated 6.1E3, 6.2D9, and 6.1F11 originated from calf 96BO6, and clones designated 9.3D3, 9.4A11, 9.4E3, 9.4E7, 9.4G4, 9.4G8, and 9.4H4 originated from calf 96BO9. The first six clones are from the first cloning experiment, and the last six are from the second experiment.
Lymphocyte proliferation assays. Proliferation assays with T-cell clones were carried out in replicate wells of round-bottomed 96-well plates (Costar) for 3 to 4 days, essentially as described previously (14) . T-cell clones were assayed 7 days after the last stimulation with antigen and APC. Briefly, 3 ϫ 10 4 T cells were cultured in duplicate wells in a total volume of 100 l of complete medium containing 2 ϫ 10 5 autologous or allogeneic (major histocompatibility complex [MHC]-mismatched) APC and antigen. Antigens consisted of the following, each at 0.016 to 25.0 g/ml: membranes prepared from normal bovine RBC or the FL strain of A. marginale; homogenates prepared from the FL, ID, WAC, WAO, and VA strains of A. marginale or the ID strain of A. ovis; purified native MSPs, which were immunoaffinity purified with specific MAbs and dialyzed extensively against PBS as described in previous publications, and which included MSP-1, consisting of MSP-1a and MSP-1b (31), MSP-2 (32), and MSP-3 (23); and cell lysates from uninfected Ixodes scapularis-derived IDE8 tick cell culture (27) or IDE8 cell cultures which were infected with the 10th passage of the VA strain of A. marginale (7) . The contents of confluent T-25 flasks of uninfected or infected IDE8 cells were recovered by centrifugation and resuspended in PBS. Protein concentrations in all antigen preparations were determined by the Bradford assay. Irradiated PBMC from cattle used in this study and from a Charolais cow (G3) were used to verify MHC restriction of T-cell clones in response to A. marginale. Cell surface phenotypic analysis. Differentiation markers on T-cell clones were analyzed by indirect immunofluorescence and flow cytometry. The MAbs used were specific for bovine CD2 (MAb MUC2A), CD3 (MAb MM1A), CD4 (MAb CACT 138A), CD8 (MAbs CACT 80C and BAT 82B), and the ␦ chain of the ␥␦ T-cell receptor (TcR) (MAb CACT 61A). These MAbs were kindly provided by William C. Davis, Washington State University, Pullman, Wash. MAb IL-A29, which recognizes the WC1 molecule on a subset of ␥␦ T cells, was obtained from the International Laboratory for Research on Animal Diseases, Nairobi, Kenya.
Stimulation of cells and detection of cytokine mRNA by reverse transcription (RT)-PCR. T cell clones were used 7 days after the last stimulation with antigen and APC, washed twice in complete medium, and cultured at a concentration of 2 ϫ 10 6 cells/ml in the presence of an equal number of autologous APC and a 5-g/ml concentration of homogenate prepared from A. marginale FL. After 6 h of culture, total cellular RNA was isolated by the TRIzol Reagent RNA isolation method as instructed by the manufacturer (GIBCO BRL, Gaithersburg, Md.). RNA purity was assessed by evaluation of the A 260 /A 280 ratio, and integrity was verified by agarose gel electrophoresis. As a positive control for cytokine mRNA expression, RNA was prepared from bovine PBMC stimulated at a concentration of 2 ϫ 10 6 cells per ml with 2.5 g of concanavalin A (ConA; Sigma) per ml for 18 h. For negative controls, RNA was prepared from cultures of irradiated APC and antigen.
Total RNA (0.125 g/reaction) was reverse transcribed to cDNA by adding a master mixture, prepared as instructed by the manufacturer (Perkin-Elmer, Norwalk, Conn.), consisting of (final concentrations) 5 mM MgCl 2 , 10 mM KCl, 10 mM Tris-HCl (pH 8. Table 1 ). The primer sequences for bovine interleukin-2 (IL-2) and IFN-␥ were kindly provided by Dante Zarlenga (U.S. Department of Agriculture, Beltsville, Md.), and those for ␤-actin were kindly provided by Gary Splitter (University of Wisconsin, Madison). Forward and reverse primers (25 M each) were added to each reaction, and a master mixture consisting of (final concentrations) 2.5 mM MgCl 2 , 10 mM KCl, 10 mM Tris-HCl, and 1.25 U of AmpliTaq DNA polymerase (Perkin-Elmer) was added, according to the manufacturer's instructions, in a total volume of 50 l. The mixtures were heated to 94°C for 10 min and then amplified with a GeneAmp PCR 9600 system for 35 cycles under the following conditions: 94°C for 1 min, 60°C for 1 min, and 72°C for 2 min, with an extension at 72°C for 10 min. The PCR products (25 l) were electrophoresed on a 1.5% agarose gel containing ethidium bromide. The relative amount of amplified DNA stained with ethidium bromide was quantified by detecting fluorescent signals activated by UV light, using an IS-1000 digital imaging system (Alpha Innotech Corporation, San Leandro, Calif.). To amplify cytokine-specific product, the same amount (either 2 or 10 ng) of cDNA was used for each clone; to amplify actin product, 0.05 ng of cDNA was used for each clone. After 35 cycles, these quantities of input cDNA resulted in amplification of product within the linear portion of the curve plotted as input cDNA concentration versus relative density of the PCR product. The specificities of the PCR products amplified from ConA-activated PBMC were verified by sequencing, and all sequences were identical to the published GenBank sequences. Parallel reactions performed in the absence of RT yielded no detectable PCR products. Irradiated PBMC cultured with A. marginale antigen expressed only ␤-actin, not cytokine mRNA, as determined by visualization of the ethidium bromide-stained gels (data not shown).
Detection of IFN-␥ and TNF in supernatants of
Anaplasma-specific T-cell clones. T-cell clones were cultured for 24 or 48 h at a density of 2.0 ϫ 10 6 cells per ml with 2.0 ϫ 10 6 APC per ml and homogenate prepared from the FL strain of A. marginale (5 g/ml) or with ConA (1 g/ml; Sigma) and IL-2 (20 U/ml; Boehringer Mannheim). Supernatants were harvested by centrifugation and stored frozen at Ϫ70°C. The bovine IFN-␥ assay was performed with a commercial enzyme-linked immunosorbent assay (ELISA) kit (IDEXX Laboratories, Westbrook, Maine) according to the manufacturer's protocol. The amount of IFN-␥ in culture supernatants diluted 1:5 to 1:500 was determined by comparison with a standard curve obtained with a supernatant from a Mycobacterium bovis purified protein derivative-specific Th cell clone that contained 440 U of IFN-␥ per ml (previously determined by the neutralization of vesicular stomatitis virus [15] ). Tumor necrosis factor (TNF) activity in 24-or 48-h supernatants diluted 1:2 to 1:8 was determined by a biological assay using murine L929 cells and recombinant TNF-␣ as a standard, essentially as described previously (14) . Cytopathicity was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide dye reduction assay. TNF titers in the supernatants were compared with a standard human recombinant TNF-␣ (Upstate Biotechnology Inc., Lake Placid, N.Y.).
RESULTS
A. marginale-specific Th cell clones. T-cell clones were derived by limiting dilution culture of T cells stimulated for 1 or 4 weeks with homogenate prepared from the FL strain of A. marginale. The cloning frequencies were Յ16.6%, indicating that the clones were derived from a single precursor (17) . All clones expressed the surface phenotype CD3 ϩ CD4 ϩ CD8 Ϫ ␥␦ TcR Ϫ , which is characteristic of Th cells stimulated with exogenously presented antigen. Twelve clones that responded to A. marginale but not to RBC were obtained and characterized for MHC-restricted proliferation to rule out any possible mitogenic effect of the crude A. marginale preparation. All clones responded vigorously and in a dose-dependent manner to A. marginale homogenate and outer membrane antigen preparations (data not shown), and the response to antigen was MHC restricted, as evidenced by the inability of allogeneic APC to present antigen. Table 2 presents data from one of two experiments with similar results. It should be noted that although the clones all responded specifically to A. marginale antigen, the level of response varied widely among the individual clones. Even clones which had similar levels of proliferation, determined by counts per minute, had variable SIs, which is reflected by differences in the level of spontaneous proliferation without antigen. The reason for this variability is not known but may reflect the level of endogenous cytokine expression by individual clones.
Differential response of Th cell clones to different A. marginale strains and A. ovis. The proliferative responses of 11 T-cell clones to homogenized organisms prepared from the ID, WAO, WAC, or VA strain of A. marginale or the ID strain of A. ovis, and ranging in concentration from 0.08 to 10.0 g protein per ml, were compared to the response to the immunizing FL strain of A. marginale. A differential pattern of response to the different Anaplasma strains or species became evident, as shown in Table 3 for clones stimulated with 10 g of protein per ml. An SI of Ͼ2.0 was considered a positive response. Four clones did not respond to A. ovis. One of these (9.4E3) responded only to the FL strain, one (5.1D3) respond- Differential response of Th cell clones to native MSP proteins of A. marginale. The variation in response patterns became more evident when native MSP-1, MSP-2, and MSP-3, affinity purified from the FL strain, were tested for stimulation of the Th cell clones. Table 4 summarizes the results of several experiments. MSPs were tested at a concentration of 1 to 8 g/ml; higher concentrations were notably toxic, likely because of residual detergent used to solubilize the proteins. The data presented in Table 4 represent the optimal stimulation of each clone with a given concentration of MSP (1 to 4 g of MSP-1 per ml, 1 to 8 g of MSP-2 per ml, or 2 to 8 g of MSP-3 per ml) and are compared with the response to 2 g of A. marginale FL outer membrane antigen per ml. A response that has an SI of Ͼ2.0 and which is at least 25% of the response to A. marginale is considered positive. Six clones (5.1D11, 6.1E3, 6.1F11, 6.2D9, 9.3D3, and 9.4E7) derived from three calves responded to MSP-2. Of these, four clones (6.1E3, 6.1F11, 6.2D9, and 9.4E7) also responded to MSP-3. In a second experiment testing four of these clones (all but 6.2D9 and 9.3D3), similar results were obtained (data not shown). Clone 6.1F11 also responded to MSP-1, albeit less strongly. Clones 9.4G4 and 9.4G8 responded to MSP-3 but not to MSP-1 or MSP-2. Clone 9.4E3 responded weakly to MSP-2 and somewhat better to MSP-3, but these responses were only 5.5 and 11.9% of the response to A. marginale homogenate. The dosedependent responses of six clones (5.1D11, 6.1E3, 6.1F11, 6.2D9, 9.4E7, and 9.4G4) to MSP-1, MSP-2, or MSP-3 or to A. marginale antigen are shown in Fig. 1 . For clones 5.1D11, 6.1F11, and 6.2D9, similar levels of proliferation were achieved with 1 to 2 g of MSP-2 or A. marginale antigen per ml. The maximal stimulation of clone 6.1E3 by MSP-2 is approximately 50% of that induced by A. marginale homogenate antigen, the response of clone 9.4E7 to MSP-2 was approximately 79% of that of A. marginale membrane antigen, and the response of clone 9.4G4 to MSP-3 was approximately 40% of that induced by A. marginale outer membrane antigen. Nonspecific stimulation of these T cells by MSPs was ruled out by the lack of response by many of the T-cell clones to individual proteins (Table 4) . None of the clones responded to recombinant MSP-5, which was tested as a maltose binding protein fusion protein and as a His 6 fusion protein (data not shown). However, potential toxicity of these recombinant fusion proteins cannot be excluded.
Differential response of Th cell clones to the VA strain of A. marginale cultured in I. scapularis cells. The VA strain of A. marginale, originating from infected bovine RBC, was recently propagated in vitro in I. scapularis IDE8 cells (26) . This cell line has been passaged and maintained in vitro for several years, with 60 to 100% of the cells infected. To determine whether antigens recognized by our Th cell clones from cattle immunized with outer membranes from the blood-stage FL strain are present in the tick cell-cultured organisms, we performed proliferation assays with 0.08 to 10 g of antigen per ml prepared from uninfected IDE8 cell lysates or A. marginale VA-infected IDE8 cell lysates. All clones were tested at least twice, with similar results. Optimal stimulation was achieved with 10 g of protein per ml, and data from representative experiments comparing the proliferative responses to A. marginale FL homogenate and uninfected or infected cultured tick cell lysates are presented in Table 5 . Uninfected IDE8 cell lysate was not stimulatory for any clone tested, although PBMC from all cattle responded to uninfected tick cell antigen (data not shown). Five clones did not proliferate in response to the infected tick culture material (5.1D3, 5.1D11, 6.2D9, 9.4E3, and 9.4G8). Two of these clones (5.1D3 and 9.4E3) also failed to respond to the blood-stage homogenate prepared from the VA strain, whereas two clones (5.1D11 and 9.4G8) did respond to blood-stage antigen prepared from the VA strain (clone 6.2D9 was not tested) (Table 3) . Thus, Th clones 5.1D11 and 9.4G8 recognize an epitope expressed on all strains of A. marginale organisms, including the VA strain, isolated from infected bovine blood but not expressed on the VA strain passaged in tick cells. The remaining seven clones, which responded to blood-stage A. marginale antigen from the VA strain, also responded to VA strain passaged in tick cell culture.
A summary of the proliferative responses of the T-cell clones, listed by response patterns to the different antigen prepara- Table 6 . When the patterns of response to MSP-1, MSP-2, MSP-3, tick-cultured A. marginale VA, and antigen prepared from five strains of A. marginale and A. ovis are compared, a heterogeneous response pattern is apparent. At least nine distinct patterns of response are manifested by the 12 clones examined, and the clones can accordingly be classified into one of nine groups.
Cytokine mRNA expression by Anaplasma-specific Th cell clones. Oligoclonal T-cell lines from immunized calves 96BO5, 96BO6, and 96BO9 secreted high levels of IFN-␥ (13). To determine the nature of the cytokines expressed by cloned Anaplasma-specific memory T cells, IFN-␥ protein was measured by ELISA in supernatants of 11 Th cell clones stimulated with antigen and APC, TNF was measured by a biological FIG. 1 . Dose-dependent proliferative response of selected Anaplasma-specific Th cell clones to purified native MSP-1, MSP-2, and MSP-3. T-cell clones 5.1D11, 6.1E3, 6.1F11, 6.2D9, 9.4E7, and 9.4G4 were cultured for 4 days with 0.5 to 8 g of MSP-1, MSP-2, or MSP-3 per ml or 0.1 to 10 g of A. marginale FL outer membranes (A. marg) per ml, radiolabeled, and harvested. The results are means for duplicate cultures Ϯ 1 standard error of the mean. assay, and transcripts for IL-2, IL-4, IL-10, IFN-␥, TNF-␣, and TNF-␤ were examined in RNA prepared from similarly activated T cells. IFN-␥ levels in the supernatants of antigenstimulated cells ranged from 1 to 56 U per ml (Table 7) , with an average of 21 U per ml, which is comparable to the levels of IFN-␥ in T-cell lines maintained in vitro for 8 to 10 weeks (13). As previously observed (14) , higher levels of IFN-␥ (ranging from 126 to 200 U per ml) were secreted by T cells stimulated with ConA and IL-2 (data not shown). TNF levels in the supernatants of antigen-stimulated Th cell clones ranged from 0.5 to 7.3 U per ml, which are comparable to those produced by antigen-stimulated Babesia bovis-specific T-cell clones (14) . Examination of steady-state levels of cytokine transcripts revealed that all clones except 5.1D11 coexpressed IL-4, IL-10, and IFN-␥ mRNA (Fig. 2) . Clone 5.1D11 expressed only IFN-␥ and TNF-␣ transcripts. Interestingly, IL-2 message was expressed only weakly by the majority of Th cell clones, clones 5.1D3 and 6.1E3 being the exceptions. All clones except 9.4A11 expressed strong levels of TNF-␣, and TNF-␤ was not detected. Thus, the majority of Th cell clones expressed a mixed or Th0 cytokine profile, and only one clone expressed IFN-␥ in the absence of IL-4 (Th1-like profile).
DISCUSSION
MSP-1, MSP-2, and MSP-3 have been shown to confer protective immunity against A. marginale, as measured by prevention or significant reduction in rickettsemia following homologous challenge (34) . However, these proteins vary both antigenically and structurally among strains (2, 3, 29, 32, 33 ). The problems posed by antigenic variation and the lack of protection against A. marginale challenge in calves administered immune serum (21) emphasize the importance of targeting conserved T-cell epitopes in these candidate vaccine proteins. We recently demonstrated that PBMC from calves protectively immunized with outer membranes against A. marginale challenge responded to all strains of A. marginale tested and had recall Th cell responses against the major surface proteins MSP-1, MSP-2, and MSP-3 (13) . The present study extends these findings by showing that 8 of 12 T-cell clones, derived from these animals by stimulation with A. marginale homogenate prior to challenge, recognized MSP-2, MSP-3, or both. Additional undefined specificities were also observed, resulting in a total of at least nine distinct antigenic specificities. Furthermore, the majority of Th cell clones responded to multiple strains of A. marginale, suggesting conservation of Th cell epitopes at the population level among these strains.
One or more T-cell clones from each calf responded to MSP-2, supporting the immunodominant nature of this protein, which was mirrored by the predominant anti-MSP-2 antibody response in these calves (13) . Three MSP-2-reactive clones from 96BO6 and one MSP-2-reactive clone from 96BO9 also responded to MSP-3. However, at least two different epitopes appear to be recognized by these clones, as clone 6.1E3 (group III) and clones 6.1F11 and 9.4E7 (group VIII) respond differentially to A. ovis. Comparison of the amino acid sequences of MSP-2 and MSP-3 from the FL strain revealed significant identity (55%) in the amino-terminal, nonpolymorphic region of MSP-2 (amino acids 55 to 176) and the aminoterminal region of MSP-3 (2). Thus, these proteins contain blocks of identical amino acids that could potentially comprise Th cell epitopes and explain the dual reactivity of the cloned T cells. Two clones from calf 96BO9 (9.4G4 and 9.4G8) responded uniquely to MSP-3, but these must recognize distinct 
a Ϫ, lack of response to an antigen (determined as an SI of Ͻ2.0); ϩ, SI of Ն2.0 and response that is Ն25% of the response to A. marginale homogenate; w, SI of Ն2.0 and a response that is Ͻ25% of the response to A. marginale homogenate.
b ND, not determined.
MSP-3 epitopes since they responded differentially to A. marginale (VA strain) passaged in tick cells. The apparent preferential response of Th cell clones from animal 96BO9 to MSP-3 was also observed with PBMC, which had the strongest proliferative response to this protein (13) . None of the clones responded uniquely to MSP-1. However, in one experiment clone 6.1F11 did proliferate to MSP-1, MSP-2, and MSP-3, and the response to MSP-2 and MSP-3 was verified in a second assay. MSP-1 has no known amino acid sequences conserved with either MSP-2 or MSP-3, so the reason for this result is not known. The finding that all MSP-2-and MSP-3-specific clones also responded to all strains of A. marginale demonstrates conservation of T-cell epitopes in the different strains. However, MSP-2 and MSP-3 are encoded by multiple genes which display conserved and polymorphic regions. Comparison of multiple cDNA clones encoding MSP-2 variants during persistent, cyclic rickettsemia revealed a polymorphic region (amino acids 185 to 297) within the predicted amino acid sequence (20) . Comparison of three MSP-3 genomic clones also revealed polymorphic and conserved areas (2) . Our data suggest that MSP-2 and MSP-3 T-cell epitopes recognized by certain T-cell clones in this study are in nonpolymorphic regions of the protein, but precise mapping studies are needed to verify this assumption, since multiple gene copies are expressed within a population and even within a single organism (20) . Two exceptional clones, 5.1D11 (MSP-2 specific) and 9.4G8 (MSP-3 specific), responded to homogenate from all A. marginale strains passaged in cattle, but both failed to respond to lysate prepared from the VA strain grown in I. scapularis cells. This finding suggests that the epitopes defined by these two clones are either altered or missing in the organisms grown within tick cells in vitro.
The observation that many of the T-cell epitopes have been conserved on organisms propagated in tick cell culture is of interest. The five MSPs were found to be present on the cell culture-derived VA organisms, and MSP-1a was the same size as the blood-derived VA strain (5) . Furthermore, the developmental cycle and morphology of cell culture-derived VA organisms are similar to those of A. marginale in naturally infected ticks (7) . Differences in the polymorphic MSP-2 antigen between culture and salivary gland stages were observed, but MSP-2 did not appear to vary during continuous passage in culture (5) . Of the clones that responded to blood-passaged VA strain, all but two (5.1D11 and 9.4G8) responded to this strain of A. marginale harvested from tick cell culture. Retention of other T-cell epitopes by the cell culture-derived VA organisms defined by additional T-cell clones suggests the potential use of culture-derived A. marginale to define immunodominant antigenic epitopes, which may be important to induce immunity against both tick and blood challenge.
The patterns of response of the Th cell clones revealed additional antigen specificities which result in a total of nine response patterns defined by the first 11 T-cell clones listed in Table 6 . The additional antigen specificities fell into three distinct groups (I, II, and VI). Clone 9.4E3 (group I) recognized an epitope expressed only on the immunizing (FL) strain, and thus it is not conserved. Clone 5.1D3 (group II) recognized an epitope shared by WA, FL, and ID strains but, interestingly, absent from the VA strain. Finally, clones 9.4A11, 9.4H4, and 7) were used. The amplified PCR products were electrophoresed on agarose gels, stained with ethidium bromide, and visualized under UV light, and the densitometry images were recorded. The sizes of the amplified PCR products are listed in Table 1 . Markers (M), consisting of a 1-kb DNA ladder, were included for each gel but are shown only for ConA-stimulated PBMC. A. marginale-specific T-cell clones expressed a mixture of cytokines, and all but one coexpressed IL-4 and IFN-␥. These data are consistent with the lack of a polarized cytokine response by Th cells cloned from cattle immune to either Babesia or Fasciola species (9, 10, 14) . The expression of both IL-4 and IFN-␥ by A. marginale-specific Th cells is consistent with their potential role as helper cells to enhance IgG1 and IgG2 responses (8) , but functional helper cell assays with A. marginalespecific clones have not been performed. Furthermore, the expression of both IFN-␥ and TNF-␣ is consistent with the potential for A. marginale-immune CD4 ϩ T cells to activate macrophages to produce molecules, such as NO, that have been shown to inhibit other rickettsiae (37) .
In summary, the use of T-cell clones enables characterization of antigen specificity and function of memory T cells from animals shown to be protected against homologous challenge infection. The observation that the majority of T-cell epitopes, including at least two epitopes in MSP-2 and MSP-3, are conserved in different strains of A. marginale, provides a rationale for mapping the T-cell epitopes on these candidate vaccine antigens and for identifying the additional antigens and epitopes defined by the panel of T-cell clones. The antigenic variation known to occur in MSP-2 during cyclic rickettsemia in persistently infected cattle (20) further underscores the importance of defining Th cell epitopes in sequential populations of organisms in these animals. Studies are planned to identify the Th cell epitopes on MSP-2 and MSP-3 and to determine their role in persistent infection. Functional assays with the Th cell clones will be performed to assess their helper cell capacity and ability to inhibit the growth of A. marginale in the presence of macrophages. Together, these studies will provide a basis for vaccine design for this important bovine pathogen.
